Tunneling anisotropic magnetoresistance (TAMR) is observed in tunnel junctions with transition metal electrodes as the moments are rotated from in-plane to out-of-plane in sufficiently large magnetic fields that the moments are nearly parallel to one another. A complex angular dependence of the tunneling resistance is found with twofold and fourfold components that vary strongly with bias voltage. Distinctly different TAMR behaviors are obtained for devices formed with highly textured crystalline MgO(001) and amorphous Al 2 O 3 tunnel barriers. A tight-binding model shows that a fourfold angular dependence can be explained by the presence of an interface resonant state that affects the transmission of the contributing tunneling states through a spin-orbit interaction. Magnetic tunnel junctions (MTJs) can exhibit very large changes in resistance when the relative alignment of the electrode moments is switched [1] . This tunneling magnetoresistance (TMR) is largely determined by the spin polarization of the tunneling current, which is a consequence, not simply of the spin-polarized density of states (DOS) of the ferromagnetic electrodes, but also of the tunneling matrix elements [2, 3] , and the spin-dependent decay of the electron wave functions across the tunnel barrier [4 -6] . Using electrodes formed from the 3d transition metal (TM) ferromagnets, such as Co-Fe alloys, and tunnel barriers formed from Al 2 O 3 and MgO, TMR values of up to 70% and 470% are observed at room temperature, respectively [5] [6] [7] [8] . Of particular interest is the influence of the detailed electronic structure of the MTJ on the bias voltage dependence of the spin-polarized tunneling. One way to probe such an effect is to consider the angular dependence of the tunneling resistance, or the tunneling anisotropic magnetoresistance (TAMR) when the electrode's moments are rotated in large magnetic fields.
A large TAMR effect was recently observed in distinctly different MTJs formed from semiconductor heterostructures in which the ferromagnetic electrodes are formed from Mn doped GaAs [9] [10] [11] . Spin-orbit coupling (SOC) plays an important role in this material so that the TAMR effect could be attributed to a significant anisotropy in the DOS linked to the magnetization direction along different crystal axes [9] [10] [11] . Although SOC is much weaker in TMs, a small TAMR effect has been predicted for tunnel junctions with TM electrodes [12, 13] . These calculations did not, however, consider the detailed bias or the angular dependence of the TAMR effect. In this Letter we show that MTJs with CoFe electrodes exhibit a TAMR effect, which, albeit small in magnitude, displays a complex angular dependence and has a strong dependence on the bias voltage and on the tunnel barrier material.
MTJs were fabricated on thermally oxidized Si substrates using a combination of ion-beam and magnetron sputtering at ambient temperature. A small in-plane magnetic field was applied during deposition to define the easy axis of the magnetic films. In situ shadow masks were used to pattern junctions 80 80 m 2 in area. After deposition, the devices were annealed at 260 C for 30 minutes in a 1 T field. Magnetotransport measurements, both dc and ac, were carried out at 10 K in a low temperature cryostat equipped with a sample rotator and a superconducting magnet. An ac lock-in technique was used to measure the dynamic resistance R D dV=dI of the tunnel junctions, with a modulation amplitude of 8 mV rms at 1001 Hz. A dc bias voltage was simultaneously applied during the dV=dI measurement, with positive bias corresponding to current flowing from bottom to top. The experiment geometry was such that the magnetic fieldH, the normal to the film planeñ, and the magnetic easy axis were arranged in the same plane [ Fig. 1(a) ]. The field direction was fixed during the experiment and the sample was rotated so that the field direction was rotated from in-plane to out-of-plane. The dc and dynamic resistances were measured, using a four-point technique, as a function of the angle betweenH andñ.
values of 0 , 180 , and 360 correspond to magnetic fields perpendicular to the film plane, while 90 and 270
correspond to fields along the in-plane easy axis direction. closely resemble those at 0 . The inset in Fig. 1(b) shows the corresponding bias dependence of the differential TMR, defined as dI=dV P ÿ dI=dV AP =dI=dV AP . Here dI=dV is measured in an in-plane field; P and AP stand for parallel and antiparallel alignment of the CoFe moments, respectively. Zero-bias TMR values of 377% and 89% were obtained for the MTJs with MgO and Al 2 O 3 barriers, respectively, indicating the high quality of these devices.
R D vs curves at various bias voltages are plotted in Fig. 2(a) for the MgO junction. The measurements were taken at 10 K in a field of 7 T, which is sufficiently large to almost fully saturate the magnetization of the CoFe electrodes parallel to the field. The junction resistance is normalized to its average value over at each bias voltage. At low bias, the R D vs curves are twofold symmetric, with peaks at 0 , 180 , 360 , and valleys at 90 , 270
. As the bias is increased, the valleys near 90 , 270 broaden and, eventually, a second set of peaks appears for bias voltages exceeding ÿ0:4 V or 0:45 V. This suggests that an additional component with fourfold symmetry contributes to TAMR at high bias. The magnitude of TAMR is fairly symmetric with respect to bias polarity at low bias. At high bias, however, TAMR is much smaller for positive bias.
In Figs. 3(a) and 3(c), the normalized junction resistance is plotted as a function of bias and angle, for the dynamic and dc resistance measurements, respectively. The data were taken, in each case, every 2 and every 50 mV (note that in the dc case no data are possible at zero bias). The contrast in the contour plot represents the magnitude of the normalized junction resistance. The dc and dynamic resistances measure different quantities. The former integrates contributions from electrons distributed over a wide energy range up to the bias voltage, whereas the latter is sensitive to tunneling in a narrow energy range, determined by the modulation amplitude (here, 24 mV, peak to peak). The ac measurement clearly accentuates the dependence of the TAMR effect on both voltage and angle, as shown in Fig. 3 . For this reason, we focus our discussion on the dynamic resistance data.
For the MgO barrier, R D shows valleys at 90 , 270
at low bias, which are seen as dark areas in Fig. 3(a) . The emergence of a second set of peaks can be clearly distinguished above a threshold voltage of ÿ0:4 V and 0:45 V, for negative and positive voltages, respectively. . As the bias increases, the curve becomes largely twofold symmetric. Below 0:6 V, the curve has a maximum at 90 and a minimum at 0 . Above 0:6 V, however, the positions for the resistance extrema are reversed; i.e., the maximum is at 0 and the minimum is at 90 . These features are clearly seen in Fig. 3(b) . Note that the basic characteristics of the contour plots shown in Fig. 3 do not change with field for the field range explored (from 5 to 9 T).
To check that the observed TAMR results from spindependent tunneling, we fabricated tunnel junctions with nonmagnetic aluminum electrodes with the following structure: 100 MgO/150 Al/32 MgO/150 Al/100 Ta (layer thicknesses in Å ). No TAMR was measured within the experimental noise level for these control samples.
The R D vs curve at a given bias can be fitted using the following equations:
where is the angle between the CoFe magnetization direction and the film normal directionñ after taking into account the demagnetization field; M s is the saturation The TAMR effect likely originates from SOC, which gives rise to an anisotropy of the DOS of the bulk electrodes [9, 10, 12] and that of their interfaces [13] with respect to the magnetization direction. The pronounced difference between the MgO and Al 2 O 3 MTJs points to the interface electronic structure as the origin of the TAMR.
Using a simple tight-binding model, we demonstrate that the influence of resonant states on the interface DOS of the majority band can lead to the observed evolution of TAMR from a twofold to a fourfold angular dependence. Note that we have examined the band structure of bcc CoFe along the ÿ ÿ H (k jj 0) direction in the Brillouin zone. Specifically, we explored the lifting of degeneracy in the bulk band structure due to SOC and found no fourfold component in the angular dependence of the DOS at any energy sufficient to lead to the observed variation in the experiments. This suggests that the fourfold component does not arise from the bulk band structure of CoFe.
We model the 1 majority-spin band in bcc CoFe [4] by a one-dimensional tight-binding band. We consider the case when this band is coupled to a minority resonant state localized at the interface via SOC described by the parameter . The anisotropy in the conductance is determined by the anisotropy of the interface DOS of the majority 1 band, which can be found from the corre- sponding interface Green's function, gE. We note that, due to the weak energy dependence of the 1 electron band's decay function through a crystalline MgO barrier [4] , states far below E F can significantly contribute to the tunneling current, contrary to the free electron band case [14] . By solving Dyson's equation we find that
where g 0 E is the interface Green's function of the majority band in the absence of SOC [15] and g r E E ÿ E r i 0 ÿ1 is the Green's function of the resonant level with E r and 0 being the resonance energy and width, respectively.
In Fig. 4 we plot the interface DOS of the majority band, ÿImg=, as a function of for several energies near the resonant level which we have chosen to lie at E r ÿ0:4 eV. Away from the resonance the angular dependence of the interface DOS has a twofold symmetry. This twofold angular dependence changes sign near the resonant energy. Associated with this sign change is the onset of a significant fourfold angular variation. Since the tunneling current will largely be determined by the interface DOS of the majority 1 channel, this same variation will appear in the R D measurement when the window of applied bias passes the resonance.
It is known that the bcc Fe(001) surface supports a minority-spin surface state [16] . The relevant interface state is present in Fe001=MgO=Fe tunnel junctions, as indicated by theory [4, 15] and experiment [17] . A similar resonant state is likely present at the bcc CoFe(001) surface and the CoFe001=MgO interface. Using a rigid band model to estimate the change in the Fermi energy due to the increase in valence of CoFe as compared to Fe, we find the position of the interface resonant state for Co 70 Fe 30 001=MgO interface is 0:4 eV below the Fermi energy. This is consistent with the observation of significant fourfold symmetry for bias beyond ÿ0:4 V or 0:45 V for MgO based MTJs, as shown in Fig. 2 .
In the case of Al 2 O 3 based MTJs a similar effect may occur due to the possibility of a narrow majority interface resonant band derived from excess oxygen at the interface [15] . It is predicted that this band lies close to the Fermi level and is strongly transmitting. An analysis based on a model similar to that above reveals that an interface resonant DOS also has a significant fourfold angular variation when coupled to a bulk band via SOC. This is consistent with the observation of a strong fourfold dependence of the variation observed in Al 2 O 3 at low bias in Fig. 2 .
In conclusion, we have observed a tunneling anisotropic magnetoresistance effect in magnetic tunnel junctions with 3d transition metal ferromagnetic electrodes for both crystalline and amorphous tunnel barriers, despite the weak spin-orbit coupling in these systems. We find complex dependences of the junction resistance on the bias voltage and angle, which are distinctly different for MgO and Al 2 O 3 tunnel barriers. A tight-binding model suggests that the TAMR effect derives from the anisotropy in the interface density of states of the majority band due to mixing with a resonant state via spin-orbit coupling.
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